The genomic RNA of the potato virus X (PVX) strain HB, isolated in Bolivia and able to overcome all known resistance genes, has been cloned and sequenced. The PVX~ RNA sequence is 6432 nucleotides long and contains, similarly to the RNAs of other PVX strains, five open reading frames encoding proteins of Mrs 165'1K, 24"5K, 12.4K, 7.6K and 25.1K (coat protein), respectively. Multiple amino acid sequence alignments of the coat proteins of four PVX strains identified eight amino acid residues unique for PVXH~. Structural prediction comparisons of the coat proteins of PVXaB and of the other strains suggest a general structural similarity. However, two of the eight amino acid residues unique for strain HB gave rise to a change in the predicted coat protein structure, suggesting a possible involvement in the resistance-breaking activity of PVXHB.
Potato virus X (PVX), the type member of the potexvirus group, is one of the most common and widespread viruses infecting potato. Strains of PVX have been classified into four groups according to their reactions with the dominant resistance genes Nb and Nx which, in cultivated varieties of potato, determine a hypersensitive response, and with the extreme resistance gene Rx (Cockerham, 1955 (Cockerham, , 1970 .
Group 1 strains cause a hypersensitive response in the presence of Nb or Nx, group 2 only with Nb, group 3 only with Nx and group 4 with neither, but fails to infect plants carrying an Rx gene. A further strain, designated PVX~B, occurring in 7 % of the Bolivian clones from Solanum tuberosum ssp. andigena and so far found only in South America, overcomes the effects of all known genes conferring resistance to PVX (Nb, Nx, Rx~o 1 and RXadg ; Moreira et al., 1980; Jones, 1985) . This strain is unique in that it causes typical PVX symptoms in most common indicator species but does not produce local lesions in inoculated leaves of Gomphrena globosa, which is the main diagnostic indicator host for PVX (Bercks, 1970) . This symptomless infection in inoculated leaves of G. globosa distinguishes PVXHB from all previously described strains of PVX.
PVXnB is serologically most closely related to PVX~p (Fribourg, 1975; originally named PVX0) , the common PVX strain in Peru from the resistance group 2 (Moreira et aI., 1980), but it differs from this and all other strains
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in its resistance-breaking properties. This property is of obvious importance in potato breeding programmes.
Here we report the complete nucleotide sequence of PVXHB RNA and a comparison with the sequences reported for PVXep (Orman et al., 1990) , and for PVXx3 (Huisman et al., 1988) and PVX s (Skryabin et al., 1988) both from resistance group 3.
The PVX~ B strain was kindly donated by C. Fribourg (Universidad Nacional Agraria La Molina, Lima, Peru). Strain HB was originally isolated from the high Andes of Southern Bolivia and maintained in Nicotiana glutinosa L. in greenhouses at temperatures in a range of 18 to 23 °C after its reisolation from S. tuberosum ssp. andigena, to ensure the purity of the strain. PVXHB was purified from frozen N. glutinosa infected leaves (Querci et al., 1993) and viral RNA was isolated according to Hammond & Lawson (1988) . eDNA synthesis was performed using the RiboClone cDNA Synthesis System (Promega) but SuperScript reverse transcriptase (BRL) was used for first strand synthesis upon priming with oligo(dT). A specific 14-mer primer complementary to the 5' end of PVX RNA (5' GAAAACTAAACCAT 3'), named PVX-01, was also used in one cloning experiment, for priming the second strand synthesis. Recovered double-stranded cDNAs were ligated into SmaI-digested pGEM-7Zf(+) vectors.
The nucleotide sequence of PVX~s was determined by the dideoxynucleotide chain termination method (Sanger et al., t977) using the TaqTrack sequencing kit (Promega), from either full-length cDNA or subclones obtained by restriction enzyme digestion and Bal 31-generated nested deletions (Sambrook et al., 1989) . (Orman et al., 1990) , PVXxa (Huisman et al., 1988) and PVX s (Skryabin et al., 1988) protein; partially overlapping with ORF2 and in a different reading frame, ORF3 (from nucleotide 5147 to 5491) encodes a 12.4K protein. ORF3 also overlaps partially with ORF4 which starts in a different reading frame at position 5427 and terminates at position 5639, coding for a protein of 7-6K. Finally, ORF5 encodes the coat protein (CP) of 25.1K and extends from position 5650 to position 6357 in the same reading frame as ORFs 1 and 2. The UAA stop codon at position 6358 is followed by an untranslated region of 84 nucleotides and a poly(A) tract. In the nucleotide sequence of PVXaB, seven points of variability have been found in which a purine (either A or G; in Fig. 1 marked R) or a pyrimidine (either C or T; marked Y) occurs. The possibility cannot be excluded that these nucleotide variabilities resulted from the method used for sequence determination. In all cases the variability found did not cause changes in the encoded amino acid sequence.
H T T p A N T T Q A V G S T T S T T T T T A G A T P A ~ S G L F T I P D G MTTGAAAGATGACTACECCA~C~CCACTCAA~CTSTAGGA~CACTACATCA~`CTACCACCACTACTGC~GG~GCAACTC~TG~T~T~
PILEUP, PRETTY and DISTANCES programs of the GCG program package (Devereux et al., 1984) were used for sequence analysis. Levels of calculated sequence similarities among all potential ORFs of four PVX strains are summarized in Table 1 . Sequence similarities varied between 83 and 99 %, most divergence occurring in the ORF4 product. From the comparisons in Table 1 it can be concluded that PVXnB is most closely related to PVX~p. The difference in genome length between PVX~B and PVXop on the one hand (6432 nucleotides), and PVXx3 and PVX s (6435 nucleotides) on the other, is due to a three nucleotide deletion in the CP at positions 5732 to 5734, determining the replacement of threonine (T) and alanine (A) in PVXx3 and PVX s with asparagine (N) in PVXHB and PVXcp.
The CP sequences of the two South American strains, PVXEB and PVXop, contain 236 amino acids and are one residue shorter than those of PVXx3 and PVX s (237 amino acids). The one amino acid gap introduced for the alignment is located at position 28. In addition, the polypeptide encoded by ORF4 in PVXnB is one amino acid longer than in all the other strains of PVX; in fact ORF4 terminates at nucleotide position 5636 in PVXop, PVXx3 and PVXs, whereas in PVX~B it ends at position 5639.
Although the mechanism of Rx resistance-breaking by PVXHB has remained unknown, studies with hybrid PVX genomes (Santa-Cruz et al., 1989) showed that the virulence determinants for the Rx gene are located in the 3' portion of the viral genome, outside the replicase gene. Further studies with hybrid PVX genomes, constructed by joining the 5' part of the genome of a group 3 nonbreaking strain of PVX (PVXvK~) and the 3' part of the PVXHB genome, mapped the breaking properties of PVXHB in either the CP cistron or 3' non-coding sequence (Kavanagh et al., 1992) . Because the 3 J non-coding sequences of PVX~B and PVXop are identical, the CP gene could thus be identified as the resistance-breaking factor of PVX~B.
In an attempt to establish more precisely the exact location of the determinants in the PVX CP sequence responsible for the ability of strain HB to overcome immunity, the nucleotide and amino acid sequences of four PVX strains were compared. The CP sequences of PVXI~B and of the other three PVX strains were aligned (Fig. 2) and the levels of sequence similarities calculated using the GCG DISTANCES program (Devereux et al., 1984) . Within the CP, highest variability is located between amino acids 1 and 90. In this region strains X3 and S show a similarity of 99.5 % between each other (three substitutions), and only about 92 % and 91% with strains HB and cp respectively.
Comparison of PVXI~ B with all non-breaking strains (PVXep, PVXx3 and PVXs) suggests a high similarity in the general CP structure, the differences being limited to a small number of residues. Eight possibly relevant substitutions in the PVXHB CP amino acid sequence were found, i.e. residues unique for PVXH~ and different from those present in all non-breaking strains of PVX (Fig. 2 , positions indicated with *). Computer-directed mutational analysis, performed by substitution of each of the eight 'unique' amino acids in the PVXHB CP sequence with the corresponding ones from the PVXep sequence, followed by secondary structure predictions using the GCG program PEPTIDESTRUCTURE (Devereux et al., 1984) , revealed that within the eight amino acid residues considered, only two determine variations in the protein structure, i.e. K121 and A226. As an example of these analyses, Fig. 3 shows the prediction of protein secondary structures, presented as 'PLOTSTRUC-TURE' profiles of the PVXHB CP obtained after single amino acid substitutions (HB to cp) at positions 121 and 226. Fig. 3 incorporates or-helix, fl-sheet, hydrophilicity and hydrophobicity predictions based on the method described by Chou & Fasman (1978) .
When the lysine (basic) at position 121 in the PVXI~B CP sequence is substituted with a (cp-specific) threonine (polar) the 0c-helix at this position is converted into a fl-sheet structure as found in the CP structure of PVXep. The substitution at position 226 (alanine to valine) also determines a slight alteration of the predicted structure, although the modification is located in a highly hydrophobic region and might therefore be masked. Both amino acid substitutions at positions 121 and 226 lead to a reversion of the predicted HB-type CP structure (Fig. 3 b) to the cp-type CP structure (Fig. 3 a) .
It is tempting to assume that one, or both, of these amino acid substitutions is responsible for the biological difference between PVX~IB (Rx-breaking) and the other strains (non-breaking). The elucidation of the whole genomic sequence of PVX~B, as presented in this paper, has allowed comparison of this Rx resistance-breaking isolate with non-breaking isolates on the molecular level. The sequence comparisons, compiled in Table 1 , demonstrate that the Rx resistance-breaking capacity of HB is not accompanied by a high rate of divergence in the (CP) gene involved. Remarkably, whereas most of the other ORFs in the PVX~B genomic sequence show a similar rate of divergence, ORF4, which is part of the 'triple gene block' and not involved in resistancebreaking, is less conserved than the CP gene sequence.
